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Abstract 
For continuous I-girder bridge, large negative bending moment is generated near pier region so that 
plastic hinge For continuous I-girder bridges, a large negative bending moment is generated near pier 
region so that plastic hinge is first formed at this point. Then, the bending moment is redistributed when 
the I-girder has enough flexural ductility (or rotational capacity). However, for I-girder with high strength 
steel, it is known that the flexural ductility is considerably decreased by increasing the yield strength of 
material. Thus, it is necessary to conduct a study for guaranteeing proper flexural ductility of I-girder with 
high-strength steel. In this study, the evaluation of flexural ductility of negative moment region of I-girder 
with high strength steel where yield stress of steel is 680MPa is presented based on the results of finite 
element analysis and experiment. From the results, it is found that the flexural ductility of the I-girder is 
significantly reduced due to the increase of elastic deformation and the decrease of plastic deformation 
ability of the material when the yield strength increases. In this study, the method to improve the flexural 
ductility of I-girder with high strength steel is proposed by an unequal installation of cross beam and an 
optimal position of cross beam is also suggested. Finally, the effects of the unequal installation of cross 
beam on the flexural ductility are discussed based on the experimental results. 
© 2011 Published by Elsevier Ltd. 
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1. INTRODUCTION
An evaluation of the behavior of high performance steel used in negative moment regions in continuous-
span I girders is conducted. Concrete deck cannot resist in negative moment regions due to the fact that 
the tensile stress is reached in the upper flange. Therefore, negative moment regions are designed by 
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concept of noncomposite section. Figure 1 (a) shows the region of interest in this study. Moment 
envelope of negative moment region is very sharp and higher than positive moment region. Therefore, 
plastic hinge in negative moment region can be generated easier than that in positive moment region. 
Thus, it is necessary to provide the sufficient ductility for negative moment region. 
   
(a)                                (b) 
Figure 1: (a) Negative moment region in continuous beam (b) Classification of flexural buckling limit states. 
Rotation capacity can be calculated as   1/  puR TT  by Yura et al(1978). Where pT  is the rotation when 
the moment capacity drops below Mp on the unloading branch of the M- pT  plot as shown in figure 1 (b). 
Usually rotation capacity R is larger than three in the girder bridges to provide sufficient ductility. Thus, 
high performance steel has to be satisfied this criterion. However, ductility of high performance steel 
girders is decreased due to increase of elastic deformation. A basic assumption made for the plastic design 
of structures is that flexural members shall have sufficient rotational capacity while maintaining the 
plastic moment. Curve 1 in figure1 (b) shows that compact section. This study is focus on compact 
section. Compact section can reach plastic moment without local bucking and also have large rotational 
capacity. 
2. FINITE ELEMENT ANLYSIS 
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Figure 2: Finite element analysis model. 
This study uses finite element analytical model to simulate negative moment region as shown in figure 2. 
Moment envelope in pier section is similar with that of simple beam under mid-span concentrated load. 
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The commercial finite element software ABAQUS is used in this study, using S4R nonlinear, shell 
element. Table 1 shows FEM model to compute behavior of girder with HSB500 and HSB800. All 
models are satisfied compactness slenderness ratio in AASHTO LRFD(2007). This study chooses two 
different sections M1 and M2, with different material models for each section. Thus, total 4 models are 
analyzed.  
Table 1: FEM modelG
Model fy (MPa) 
bf 
(mm) 
tf 
(mm) 
tw 
(mm) 
D 
(mm) 
Lb1 
(mm) 
Lb2 
(mm) 
M1(500) 380 800 80 40 2,320 5,000 5,000 
M1(800) 680 800 80 40 2,320 5,000 5,000 
M2(500) 380 1000 70 50 2,420 5,000 5,000 
M2(800) 680 1000 70 50 2,420 5,000 5,000 
From the results of M1, ultimate strength of HPS girder is increased 42%. However, rotational capacity of 
girder with HSB800 is lower than that of girder with HSB500. This phenomena occurs due to increasing 
of elastic deformation with increasing yielding stress. From the results of M2, the same phenomena is 
observed. Thus, alternative bracing configuration is required to increase the ductility of high performance 
steel girders. 
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Figure 3: Moment-Rotation curve. 
3. ALTERNATIVE BRACING CONFIGURATION 
This study prescribes an alternative bracing configuration to ensure sufficient flexural ductility. The 
alternative bracing configuration does not require any additional cross beam members but needs to move 
the cross beam members to near the bridge pier as shown in figure 4. The unbraced length is decreased on 
either side of the bridge pier subjected large moment. Thus, alternative bracing configuration is necessary 
for the efficient design of negative moment region. And, this study also suggested new parameter D  
represented bracing points as shown in figure 4. Three finite element models are analyzed to investigate 
rotational capacity. The section properties and unbraced length parameter D  of analytical models 
adapted as shown in table 2. All limiting slenderness ratios of the flange, web and unbraced length 
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compactness satisfy AASHTO LRFD(2007) provisions. Satisfaction of AASHTO LRFD(2007) 
compactness is intended to result in a negative moment region design that can attain sufficient rotational 
capacity for moment redistribution to occur. 
 
Figure 4: Unbraced length parameter . 
Table 2: FEM modelG
Model fy (MPa) 
bf 
(mm) 
tf 
(mm) 
D 
(mm) 
tw 
(mm) 
h 
(mm) 
L 
(mm) D  
A800E 680 200 30 470 20 500 3000 0.50 
A800U1 680 200 30 470 20 500 3000 0.80 
A800U2 680 200 20 470 20 500 3000 0.90 
Lb1
Lb2
Lb1
Lb2
Lb1
Lb2
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Figure 5: Deformed shape of FEM results. 
From the result of A800E model, despite of the satisfaction of AASHTO LRFD(2007) compactness, the 
girder cannot attain the desired rotational capacity (R<3). However, By using alternative bracing 
configuration, it is found that the rotational capacity of the girder is increased compare with ordinary 
bracing system (D =0.5). From the results of A800U1 model and A800U2 model, the rotational capacity 
of the girder with alternative bracing system is higher than that of the girder with the ordinary bracing 
276  H.E. LEE et al. / Procedia Engineering 14 (2011) 272–279
configuration. Figure 5 shows deformed shape of finite element results due to the unbraced length 
parameter D . It was observed that rotational capacity of A800U2 model (D =0.9) is lower than that of 
A800U1 model(D =0.8)  despite of higher unbraced length parameter D . It is for this reason that large 
deformation occurs in Lb2 of A800U2 model (D =0.9). In case of A800U1 model(D =0.8), large 
deformation occurs in Lb1. A length of Lb2 is much longer than a length of Lb1. Thus, If large deformation 
occurs in Lb2, flexural ductility is decreased. The point is that the length of Lb1 should be short as possible 
and large deformation should not occur in Lb1 to ensure sufficient rotational capacity. 
  
Figure 6: Yield stress distribution of beam. 
This study uses yielding range when girder is reached on plastic moment to find optimum unbraced 
length parameter D . When yielding range occur in girder that caused elimination of flexural stiffness and 
large deformation. The length of yielding range Lpr, as sown in Figure 6, can be expressed 
 pypr MMLL /1 . L is the length of negative moment region, Mp is plastic moment and My is yielding 
moment. When cross beam is placed on the inside of the yielding range, large deformation occurs in Lb2. 
It can be explained that the length of Lb2 is much longer than the length of Lb1. And, rotational capacity of 
girder is decreased. Thus, cross beam should be placed in end of yielding range to to ensure sufficient 
rotational capacity. Optimum D  can be expressed py MM / D . To investigate Optimum D , finite 
element analysis is conducted. Section property of 2 models shows in table 3. 
Table 3: FEM modelG
Model bf (mm) 
tf 
(mm) 
D 
(mm) 
tw 
(mm) 
h 
(mm) 
L 
(mm) optimumD  
M1 200 30 470 20 500 3,000 0.85 
M2 200 30 470 12 500 3,000 0.88 
The results are shown in figure 7. Both M1 and M2 of the cases have the largest rotational capacity R in 
the proposed optimum D . 
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Figure 7: Unbraced length parameter  - rotational capacity R curve. 
4. EXPERIMENTAL STUDY 
To verify the unequal spaced bracing configuration, experimental study is conducted. Test specimen is 
shown in figure 8. 
 
Figure 8: Specification of test specimen. 
Figure 9 (a) shows nondimensional moment rotaion curve. Comparison of experimental and finite 
element analysis, the initial strength shows a 2.1% error. And the ultimate strength shows a 1.4% error. 
Rotational capacity R of experimental is 4.35 and R of finite element analysis is 4.21. Thus, finite element 
analysis results show a good agreement with the experimental results. Figure 9 (b) shows finite element 
analysis results considering the residual stress and material nonlinear analysis. From the results, it is 
found that optimum D  changed 0.85 to 0.80. 
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Figure 9: (a) Nondimensional moment-rotation curve (b) D  – R curveG
5. CONCLUSIONS 
This study investigates the behavior of negative moment regions in continuous-span plate girders with 
high performance steel(HSB800) and compares with that of lower strength steel. From the FEM results, 
rotational capacity of girder with HSB800 is lower than that of girder with lower strength steel. Thus, 
This study prescribes the alternative bracing configuration for use in the negative moment region of high 
performance steel girders. It is found that rotational capacity of girder is increased compare with ordinary 
bracing configuration. This study also prescribes Optimum D  using yielding range when girder is 
reached on plastic moment. The girder have sufficient rotational capacity when cross beam is placed in 
optimum D . And experimental study is conducted to verify the alternative bracing configuration. 
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